Hygienic behaviour is a group defence in which dead or diseased individuals are excluded. In the honeybee, Apis mellifera, hygienic behaviour refers to uncapping and removing dead and diseased larvae and pupae from sealed brood cells. We quantified removal of freeze-killed and chalkbrood-infected larvae from open cells in 20 colonies. We also measured removal of freezekilled brood from sealed cells. Study colonies ranged from non-hygienic to fully hygienic (52-100% removal within 2 days). All larvae killed in open cells were removed. This shows that all colonies, including those with low hygienic behaviour against dead brood in sealed cells, are highly hygienic against dead brood in open cells and suggests that low hygienic behaviour against dead brood in sealed cells is a trait in its own right. This may also contribute to understanding why hygienic behaviour is uncommon in A. mellifera, which is puzzling as it reduces several diseases without detrimental effects. In particular, the result provides indirect support for the hypothesis that there are two adaptive peaks conferring disease resistance: (i) high hygienic behaviour: diseased brood are removed quickly, in some cases before becoming infective; (ii) low hygienic behaviour: diseased brood remain isolated within sealed cells.
Introduction
Diseases are a challenge to all organisms, but especially to group-living species due to increased opportunities for pathogen transmission (e.g. humans [1] , lizards [2] , Lepidoptera [3] and birds [4] ). However, group-living organisms also have group-level defences against disease (humans [5] , primates [6] and birds [4] ). Eusocial insects display a wide variety of group defences [7] , including allogrooming behaviour [8] [9] [10] , the use of antimicrobial resins [11] [12] [13] , social fever [14] , antimicrobial secretions [15, 16] and hygienic behaviour [7] .
Hygienic behaviour is a group defence against diseases in which workers remove dead, dying and diseased individuals from the nest [7] . In the honeybee, Apis mellifera, the term hygienic behaviour has a well-established meaning that specifically refers to the uncapping of sealed cells and the removal of brood (larvae and pupae) from those cells [17] [18] [19] [20] [21] . This helps colony defence against pests and diseases such as American foulbrood [22] , chalkbrood [23] , Varroa mites [21, 24, 25] and deformed wing virus [24, 26] . Hygienic behaviour is a heritable trait not a learned behaviour [19, 20, [27] [28] [29] , and seems to have no negative effect on colony performance as it does not increase the removal of healthy brood [30] and increases honey production [31] .
Most colonies of honeybees are less than fully hygienic [32, 33] , defined as removing 95% or more sealed brood within 2 days after freeze-killing with liquid nitrogen [34] . It is a puzzle why hygienic behaviour is uncommon given that it seems to have no negative effects on the colony. One hypothesis is that in honeybees there are two alternative and disjunct adaptive peaks [35 -38] : (i) a high level of hygienic behaviour, so that diseased brood are removed swiftly, in some cases before the pathogen becomes infective [39, 40] ; (ii) a low level of hygienic behaviour, so that infected brood remain isolated within sealed brood cells as reported in Apis cerana for Varroa mites, European foulbrood and Thai sacbrood virus [38] .
One prediction of the two adaptive peaks hypothesis is that honeybee colonies will remove dead and diseased brood from open cells, whether or not the colony has a high level of hygienic behaviour against dead and diseased brood in sealed cells. This prediction is made because it would not be advantageous to allow dead larvae to remain in open cells, as such cells will not have a capping to isolate the contents. We tested this hypothesis by quantifying the removal of dead (freeze-killed) and infected (with spores of Ascosphaera apis, the causative agent of chalkbrood disease) larvae from open cells in 20 colonies for which we also measured the level of hygienic behaviour against freeze-killed brood (FKB) in sealed cells. Our results support the hypothesis. All colonies, including those with low levels of hygienic behaviour against FKB in sealed cells, removed 100% dead brood from open cells.
Material and methods (a) Study colonies
We studied 20 honeybee colonies, Apis mellifera, located in a single apiary in Sussex, UK, in summer, July-September 2013. Each colony was in a hive consisting of a single 'commercial' 56-l brood chamber, containing 11 frames (43.8 Â 25.4 cm), bottom board, inner cover and telescopic cover. From May 2013, no frames of brood were transferred into any study colony so that the young worker bees in each colony were the progeny of the colony's queen at the time of the experiment. As part of normal hive management, all colonies were inspected regularly for visible symptoms of brood diseases. Dead brood showing symptoms of sac brood, American foulbrood and European foulbrood were never seen. Chalkbrood mummies were observed in brood cells in 8 of the 20 colonies, but always at low levels (less than 12 cells per colony per inspection).
(b) Quantifying hygienic behaviour in sealed cells using the freeze-killed brood bioassay
We determined the level of hygienic behaviour towards dead brood in sealed worker cells in the 20 study colonies using the FKB bioassay [22, 24, 30, 34, 39, 40, 41] . Colonies showing high levels of FKB removal have resistance against brood diseases (e.g. [21, 22, 24] ). Each colony was tested four times from late July to late August at 7-10 day intervals. At this time, all colonies were strong with approximately equal populations (8-9 frames of brood and 10-11 frames of bees), several frames of honey, a marked egg-laying queen and frames with empty cells for egg laying or food storage. For each FKB bioassay, we followed standard methods [24, 30, 41] . We removed a test frame with a large area of sealed brood from each colony. We pressed two metal cylinders (6.5 cm diameter Â 8 cm height) into the sealed brood to the mid rib of the comb. Approximately 150 ml of liquid nitrogen was poured into each cylinder to kill the circle of sealed brood inside. After a few minutes, when the liquid nitrogen had evaporated, we removed the cylinders. The frame was then photographed and returned to the hive, and photographed again 48 + 2 h later. From the photographs, we determined the proportion of FKB-sealed brood cells cleaned out by worker hygienic behaviour.
(c) Preparation of chalkbrood (Ascosphaera apis) spore suspension
Black chalkbrood mummies (dead larvae with visible symptoms of chalkbrood disease, in which the fungus is sporulating [42] ), n ¼ 20, were collected from University of Sussex honeybee colonies. The mummies were placed in pairs onto Sabouraud dextrose agar (SDA) media plates and incubated at 288C. Hyphae grew from each mummy. Spores formed where two hyphal mats of different mating types met [42, 43] . Spores were allowed to mature before being harvested from above the SDA media. A spore suspension was made by gently grinding a small amount of spore material in a glass tissue homogenizer with 200 ml sterile deionized water. The supernatant was made up to 1 ml with sterile deionized water and left to stand for 20 min to ensure any spore clumps had settled to the bottom. A 0.5 ml aliquot was taken from the central column of the spore suspension and placed in an Eppendorf tube. The concentration of spores in the aliquot was determined using a FastRead disposable haemocytometer (Immune Systems, UK) and the viability determined [44] . An appropriate final dilution gave a concentration of 1 Â 10 6 spores per millilitre, which is enough to infect and kill honeybee larvae [45] .
(d) Quantifying removal of larvae treated with chalkbrood spores
In September, soon after the FKB tests were completed, two frames of brood with larvae of different ages, including both sealed and unsealed brood cells, were chosen from each colony and taken into a warm room (258C), to reduce the chance of harming the brood by chilling, in the laboratory. A clear acetate sheet was attached to each test frame with drawing pins. On the first frame, nine groups of 30 uncapped cells, each containing a worker larva, were traced onto the acetate so that the position of each cell was precisely recorded, thereby allowing the cell to be relocated. Three groups contained small larvae (less than 1 day old; figure 1), three older larvae that half-filled the base of the cell (around 2 -3 days old; figure 1), and three large larvae that filled the base of the cell and which would normally be sealed with a wax capping within one day (around 4 -5 days old; figure 1 ). In each of these three larval-size categories, one group of cells acted as a control with no treatment, one acted as a control treated with 5 ml sterile deionized water, and the third was treated with 5 ml suspension of around 5000 spores. The water or spore suspension was placed in the larval food at the base of the cell using a Gilson pipette. Care was taken not to touch the larva with the pipette to avoid physical damage. On the second frame, a further 90 cells in three patches, small, medium and large, were traced following the same procedure. All 90 larvae were then killed using liquid nitrogen placed into the study cells using a 10 ml stainless steel spoon, rather than by treating a circle of cells as in the standard FKB bioassay.
Whether or not each larva had been removed from its cell was determined 1, 2, 3, 4, 5, 6, 7, 8, 10 and 12 days after treatment. Cells from which larvae had not been removed after 12 days were uncapped to determine whether they contained a healthy pupa or a chalkbrood mummy.
Results
Our 20 study colonies showed considerable variation in freezekilled-brood removal, 53-100% within 2 days. Importantly, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170201 this range included colonies with both low and high levels of hygienic behaviour.
All fixed effects (treatment type, larval size and days since treatment) and each of their 2-way interactions, as well as FKB removal from sealed cells, had highly significant effects on the removal of larvae treated in open cells (ANOVA results shown in table 1).
The key results (figures 2 and 3) are that all larvae in open cells killed with liquid nitrogen (n ¼ 1800) were removed within 1 day and all small larvae treated with chalkbrood spores (n ¼ 600) were removed within 5 days. Removal was low for both controls for small, medium and large larvae in the 12 days after treatment. Medium and large larvae treated with chalkbrood spores were not removed before cell capping in greater numbers than for the water only control larvae (figure 2). Large proportions of the medium and large larvae treated with chalkbrood spores survived to form healthy pupae (medium: mean 49%, range 37-63%; large: mean 73%, range 60 -80%; figure 3 ).
Discussion
The removal of all larvae (n ¼ 1800) killed with liquid nitrogen from open cells shows that all honeybee colonies, even colonies with low levels of hygienic behaviour for removal of FKB from sealed cells, have a maximal level of hygienic behaviour with respect to dead brood in open cells. The same picture is seen in young larvae, 0-1 day post hatching, treated with Ascosphaera apis spores with all 600 removed before cell capping. The fact that removal took up to 5 days indicates that the larvae were not killed right away, as figure 3) . Previous research has shown that older honeybee larvae are less likely to die when infected by disease spores [45, 46, 47] and that it takes several days or more for a treated larva to die. Fully hygienic honeybee colonies are not common. For example, of 31 colonies in Derbyshire, England, screened using the FKB bioassay only 1 was fully hygienic, defined as removing greater than 95% of the dead brood within 2 days [32] , with an average of only 46% removal [30] . In a Canadian study, only 1 of 30 colonies had greater than 95% removal after 1 day [33] .
Hygienic behaviour in the honeybee is known to be a heritable trait [39, 40, 41] under the control of multiple genetic loci [19, 28, 48] . However, it is puzzling that so much variation exists, with both hygienic and non-hygienic colonies in the same populations and with enough genetic variation available to carry out programmes of selective breeding which in a few generations can result in colonies with greater than 95% removal of FKB from sealed cells [39, 40] .
One obvious general hypothesis for the uncommonness of hygienic behaviour is that it is costly to the colony. However, hygienic colonies have similar or better performance (honey production) in comparison to non-hygienic colonies [31] . In addition, there is no correlation between the removal of healthy brood with the removal of FKB indicating that hygienic colonies do not mistakenly remove healthy brood [30] . Overall, the benefits of hygienic behaviour are thought to outweigh the costs [49] .
As mentioned in the Introduction, another hypothesis for the uncommonness of hygienic behaviour is that there are two alternative adaptive peaks for disease control, high and low hygienic behaviour, with the former removing diseased brood from sealed cells swiftly and the latter leaving diseased brood sealed in [35] [36] [37] [38] . High levels of hygienic behaviour would more likely be selected when disease is abundant, and low levels when disease is rare. This could also lead to periods when selection is changing, resulting in an intermediate situation with variation in observed levels of hygienic behaviour. It is possible that this is the current situation in A. mellifera, especially with managed colonies. Beekeeping has likely increased the prevalence and transmission of diseases in A. mellifera [50] . In addition, disease control carried out by beekeepers will likely have reduced natural selection for resistance mechanisms including hygienic behaviour [51, 52] .
The key result of the present study, that all colonies are highly hygienic in the removal of dead brood from open cells, gives an additional perspective to hygienic behaviour in A. mellifera. In particular, it suggests that low hygienic behaviour should probably be considered a trait in its own right and not simply the absence of a trait. The result is also indirect support for the twin adaptive peaks hypothesis. This is because for larvae in open cells there is only one adaptive peak: a high level of hygienic behaviour. There would not be any advantage in terms of disease control to allow dead larvae to remain in open cells, as these cells lack a capping to isolate the dead larva from the colony.
A single adaptive peak may also occur in the stingless bees, Meliponini, although for a different reason. Stingless bees appear to have higher levels of hygienic behaviour than A. mellifera. A total of five species have been studied using brood in sealed cells freeze-killed with liquid nitrogen. Two days after freezing, removal was 65% in Melipona beecheii and 98% in Scaptotrigona pectoralis (n ¼ 8 colonies per species, Mexico [53] ), and 99% in M. scutellaris, 80% in S. depilis and 62% in Tetragonisca angustula (n ¼ 8 colonies per species, Brazil [54] ). Across the five stinglesss bee species the average FKB removal was 81% and all colonies removed 100% in under 3 to 7 days depending on species.
Like honeybees, stingless bees rear brood in sealed cells but, unlike honeybees, stingless bees never re-use brood cells which are always torn down after one use [55] [56] [57] . New cells are constructed in the vacated space when needed. Therefore, leaving cells containing dead brood is not an option and so there is only one adaptive peak.
Another possibly important difference between honeybees and stingless bees is colony lifespan. Wild A. mellifera colonies survive, on average, only a few years [58] [59] [60] , whereas stingless bee colonies can live for decades [37] . If a honeybee colony leaves cells containing disease-killed brood sealed, these cells cannot later be used for food storage or brood rearing. If a colony is very long lived, but not if the colony is short lived, the number of such cells might increase to a level where much of the nest space was wasted so that leaving dead brood sealed in cells is not a viable option. However, this argument also depends on the number of cells affected. If disease is low, then few cells would be affected. Colony and nest lifespan also vary among honeybee species, as some species and subspecies relocate their nests frequently due to absconding or . Cell sealing, shown as 'capped cells', occurs when a larva is around 6 days old, which would be around 5, 3 and 1 days after treatment for small, medium and large larvae, respectively. Treatments were: CON 0 , cell monitored but not treated; CON w , 5 ml distilled water placed in base of a cell in larval food at day 0; CHB, 5 ml water suspension of around 5000 chalkbrood, Ascosphaera apis, spores placed in base of cell in larval food at day 0; FKB, larva killed with liquid nitrogen introduced into the cell on day 0.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170201 migration. However, these differences do not result in a clear correlation with levels of hygienic behaviour [54] . When Charles Darwin wrote On the Origin of the Species he knew nothing about genetics and based his theory of natural selection on the idea that heritable traits that helped an organism in the struggle for existence would increase [61, 62] . In the case of hygienic behaviour in the honeybee, we know that the trait is heritable and we also know something about its genetics. However, we struggle to understand the benefits of hygienic behaviour. In particular, we struggle to understand why a trait that has been shown to decrease levels of four serious brood diseases in colonies is not more common.
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